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DT-Diaphorase Expression and Tumor Cell Sensitiyity to 
17-AIlylammo,17-demethoxygeIdanamycin5 an Inhibitor 
of Heat Shock Protein' 90 

Lloyd R. Kelland Swee Y, Sharp, Paul iVL Rogers, Timothy G. Myers, Paul 
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Background: To our knowledge, 17-allyIamino,17-demeth- 
oxygeldanamycin (17AAG) is the first inhibitor of hent shock 
protein 90 (Hsp90) to enter a phase I ciinicti] trial in cancer. 
Inhibition of Hsp90, a chaperone protein (a protein that 
helps other proteins avo.id misfolding pathways that produce 
inactive or aggregated states), ieads to depletion of impor- 
tant oncogenic proteins, including Raf-1 and mutant p53 
(also known ns TP53), Given its ansanivcin benzoquinone 
structure, Ave questioned whether the antitumor activity of 
17AAG was affected 'by expression of the NQOl gene, which 
encodes the quinone-metabolizing enzyme DT-diaphorase. 
Methods: The antitumor activity of n.A.AG and other Hsp90 
inhibitors M'as determined by use of a sulforhodami-ne B- 
based ceil groM-th inhibition assay in culture and by the ar- 
rest of xenograft tumor growth in nude mice. DT-diaphorase 
activity was determined by use of a spectro photometric as- 
say, and protein expression was determined by means of 
western immun-oblotting. Results: In two independen-t in 
vitro human tumor cell panelSj We observed a positive rela- 
tionship between DT-diaphorase expression level and 
growth inhibition by 17AAG. Stable, high-level expression of 
the active N'QOl gene transfected into the DT-diaphorasc- 
deScient (by NQOl mutation) 13 E human colon carcinoma 
ceil line resulted in a 32-fold increase in i7.4AG growth- 
inhibition activity. Increased sensitivity -'.to 17A.4G in the. 
transfected cell line was also confirmed in xenografts. The 
extent of depletion of Raf-1 and mutant p53 protein con- 



firmed that the H5p90 inhibition mechanism was mninrnined 
in cells with high and low levels of DT-diaphorase. I? ' AG 
was shown, to be a substrate for purified human OT- 
diaphorase. Conclusion: These results suggest that the and- 
tumor- activity and possibly the toxicologic properties of 
17AAG in -humans may be influenced by the expression of 
DT-diaphorase. Careful monitoring for NQOl polymor- 
• phism and th-e level of tumor DT-diaphorase activity is 
therefore recommended in clinical trials with 17AAG. [J 
jNatl Cancer Inst 1999;91:1940-9] 



Benzoquinone ansamycins, such as herbimycin and gei-.ana- 
mycin (Fig. I)', exhibit anticancer activity by binding" to hent 
shock protein 90 (Hsp90), a molecular chaperone, and its ho- 
mologue GRP94 (1,2), In this interaction, geidanamycin com- 
petes with adenosine triphosphate at the K-tenninal-binding sire 
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TP55) (4-6). C'-:^riv T^^^~^l^' ^'-^^-type9p:3 (a:so knov^n 

=r^yo Cisco.. iio';^;r;£/l;- 

pterna and t,.s«,e., [NCf drag data f.le on ]7a\g nnd /".i . ^ 
■hat me major ,iver microsomal metabolite (SioSn In F t , 

o.echanY..of action anditsgeodi:^^^^^^^ 

.a=roc,c,ic an^ti^^lfl^L^^^^^^^^^^^^^ 
■ ^hown to bind to H.SP90 and inhibit its act^ity r'- ^ " 

none oxidoreducta^e: EG 1^99 c m, ^P'^^-^P^atcJ: qui- 
•-lous cuinones (U%Z ^'XS^^'^T ' 

lican? • Stf -"h" ^° bioreductive 
E09 ich c. " nroH ^ ''^^ indoioq.inone 

DT-diap oras^ '° ^orrns by 




nsve shown ihat geldanarpvcin ^^-ciies f27i 

a ce!] Ii.n£ derived fror^ f ^^-^^i^Dhorase 
f -ciiaphorase did^ora:;;^ «P-s., 

danaiaycin. However it rot tC" • '"•''^'^-^ ^° ^e!- 

. .^-igh levels of DT-di ot;t. "'^^ ^^P-^essln^ 

17AAG. °-H-o,a.e .r,ow ajtered sensitivity to 

tumor cells to 17AAG Irit^-i.; t ^ sensitivity of hutaan 
termined by use of Lh» CrS^I:- ""-'Z^' '° ^''^-^^ ^'^^ oe- 

iines. including some r^sis^^^t ^ , ^^''^inoma ce! 

data were obtaI^ed7n^:£e l^.^'S't? f?^'^^-^: ^^^f--'- 
the Additional KspPO-'t^nllt ! ;'::^-"---^-Iite 
raajcicoJ. The correlation " S^idanatTiycin and 

ciiaphorase activity s en ra suC ""/.''"'''^^'^'"-^ ^T- 
lected to soan rul nn"e o' ' ^^^/ICR panel (se- 

-a^ined and conir^^Vr fr^^^'^tf ^ ^^"^ 
human tumor cell lines pS) This led ro h I ^ P'"^' °f ^0 

DT-diaphorase expression 'w^'f^', :Xtt1^ ^'^^•''^'^ 
cellular sensitivity jo 17AAG Snf nn- , . determining 

col. To provide Irtt^^^^ZT^^'^^''''' '^'^'^ 
was determined in a newly es ab shSt '"'"^ ^^"^-^G 
.^hat differ only in the ^J.:^'^:;^^^^^^''^^ "-s 
pajr IS composed of the human colon r ""^'^ 

disabling point mutation ^th^ ^?oo/"' ^^ ^'^ 
diaphorase r29;] and a subline sta^blv^o -'""! ""^^'^'^^ 
gene and expressing hi^h ^4^^ T ^'^^ ^''^ '^^^ 
Finally, evidence th^t thVHsD90 inh" ^^-diaphorase. 
tained by I7AAG in colon c^l , ° °'^' "^^'^'^^^^ re- 
levels of DT-diaphora e ■ 

Of Raf-1. mutant P53. BspS a 'd HsopS ^-'ysis 
suggest that determination of pa.en J-t?oo?""" "^^"'^ 

courd affect the .xi^.^l"- ^^^^^^ 

Materials and iMethods 

Cell Lines ■ i 

VVc a,ed panels of human colon «nd ovari.n cell Li„.. w • • 

from con,mirci:,l cell culture coll-uon. nr H ' cefl lines 

previously r^Oj; [„ some ca.se, Z u^^Z I ^ "^^^'-^ed 
line with accuired druc resist ;;^rc: S "cS"','' ^""^ ^ P='-■«•-^-r.^c 
lines) or .o doxorubicin (CHldorR^dl 
■ng Che .u,.id™g.,-esistance protein MmwltT Z^^^^^ 

monolayers in Dulbecco's modir.ed Ea.|. il" S^^n as 

serum. 2 m,vrglutan,i„e. and 0 5 Ilf h In "'f 

"n=s were free of ,^,c.,,..„, con<:;inttr ^ ^" 
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3Cid. ine :C^Q c:;icLH:iied zs -ihe upje con- 



su ifornoc*M:":Vtr;w 5 in i% ^cs 

ce-urmion ch^tc inhibits ceii g^o^v^h.by 50% conipar-d ^vi:h coniroi srowth. 

Stable Tra^nsfecnon of the NQOl Gene Into the BE 
Hainan Colon Cardnoir.a Cell Line 

BE cells ccMuair, a point muwiion in the NQOi gene and thus hsve no rjr.c- 
rional DT-diiiphorase enzyme sctivicv f2Pj. Wo used the bicistronic sxDresiion 
vector ptHIRiS-? fio; to express ihe N'QOi gene in BE cdJs. Lioofecranine 
tLife Technologies. Inc. fCiBCO BRIJ, Gaimersburg, MD) for tmnsfection. and 
puromycin (OJ }L-/rnL)Jor seleciion. Resulting clones were screened for DT- 
diuphonise envyrie activity or protein by an enzyme ac,vjy or immunoblouin^' 
respectively (set belo^^ Full details of the vector constarL-tion and iht bioio-Fc 
properties of the stable Eninsfectancs -^'111 be published elsewhere (Sharo SY 
Keiiand LR, Vnienti MR, Bamton LA. Hobbs S. WorkiTian P: unoubli^hed 
resuits;, me suibie cransfecrancs. designated 8E-rj97 clone 2 and 3E-F397 
cione 5. were used in these studies. 



DT-Diaphorase Assay 



10 determine whedier 17AAG v^^as a good substrate for DT-diflphorase. we 
used chc standard cytochrome c assay, as described oreviuuslv for the bioredin.-- 
Uve mdoloquinone E09 {34) and «e!dannmycin (271 but replnced menadione 
with 17AAG as the substrate ;ind intermediate electron accecior. We assaved 
extracts of the human colon cell line HT29 or purined human DT-diuphorase 
prote.n {from I Skeily, ICR), For prepanition of ceil extracts, 2 x 10' cells were 
to'psinized, washed twice in ice-cold phosphate-b-jfTered saline (PSS). and cen- 
trifuged CMSE Centaur 1; M 00 rpiTi for 5 minutes at room lempeniture). The eel) 
pellet then was resuspended in OJ-I mL of lysis buffer {PBS containinL' \% 
inton X-l 14 and 500 u.V/ phenyimethylsulfonyl fluoride) and left on ice rbr 30 
minutes. After centri ruga tion (MSB Microcentrifuge; 12 000 rpm for 5 minutes 
at room temperature), the siipernacant was used.for orotein determination and the 
enzyme assay. Results obtained for 17AAG were cotnpared wirh those for eel- 
danamycin. E09, and streptonigrin, an excellent substrate for DT-dinphonse 
(35). For all drugs, the diffei-nce in reduction of the menadione substrate in the 
absence and presence of dicoumarol (100 pJvt). a standard inhibitor of DT- 
ciaphorase, was deierm.ined (27). 

Im munoblotting 

This analysis was perfonned as described previously {30-321 Briefly. 5 x 10*^ 
cejls were trypsinized, washed ^^.•ith PBS, and lysed in 100 of lysis butTer at 
4°C for 1 hour. Lysis buffer contained 10 mL of 150 nbW NaCMO m:V/ Tri.s- 
HCl (pH 15), 500 p-L of 20^/^/ phenyiniethylsutfonyl nuoridc. 2 p.L of apro- 
tinin f 1 0 mg/'mL, stock solution), 2 p.L of ieupeptin (10 mg/mL, stock solution). 
!00 \lL of 10 tTL'V/ sodium orthovanadate, 100 ,u.L of Nonidet P-40, and 100 ^L 
of 20% sodium dodecyl sulfate (SDS). Lyscwres were centrifuoed (MSE Miuro- 
cenirifuge; 12000 rpni for 15 minutes at4''C), and chs re.<;uliiri protein e.\tniL-ts 
were separated (50 ;i^;/iane) by SDS-polyacn'lainide gel e.^ec^ropho^esis and 
electroblottcd to nitrocellulose filters. Antibodies to Hsp90 and a^p70 were 
obtained from Stre.ssGen (Victoria, Canada), iid andbodies to Raf-I and p53 
(DOI) were from Santa Cruz Biotechnology -(Santa Cmz, CA). A monoclonal 
antibody to the rat DT-diaphorase (which cross-reacts wirh human diaphoRise) 
was supplied by R. Kno:< (previously at CRC'TCR, now at Enzacta Ltd.. Salis- 
bury. U,K.). Antibody binding was identified with horseradish peroxidase- 
labeled seconda-7 antibodies combined with enhanced chcmilumin'tscence re- 
agents (Amershom. Buckinghamshire, U.K.) and autoradiography. 

In Vivo Effects 

BE vector conuT>l cells and SE-r397 cione 2 cells were established as sub- 
cutaneous .xenografts by injecdon of 5 x 10* cells into die flanks of adult female 
athymic nude (nwnu) mice, ihe anticU-mor effect of llAJiC was detenr.ined in 
mice bearing comparably sized tumors (6-S mm in dianieter) derived from these 
cells. Animals w;re randomly assigned to receive vehicle alone (five or six mici) 
or I7AAG (five animals; do.se schedule - SO mg/kg per dav in 10% dimethyl 
sulioxide and 90% egg phospholipid by intraperitoneal injection on da\'s 1-4 and 
days 7-1 J X Before this clinical formulation was available, 1 7AAG was admin- 
istered to mict bearing HT29 senogr£f:S m J0% dimethvi sulfo.xide-0.05% 
Tween 20-90% .NaCk wiLh a acss schedule of 80 me/ks oer day on dav3 0-3 and 



volumes were caictHnred (volume = [. k x ^1/6. .^he^ ^/^^HlTr J'"^"' 
nal tumor diameters). Tumor voUnnes wer. then expressed a^ 'J!:;!!''?^ 
voiume ar .he stan of treatment (rebcive mmor volume}. Th^i^^^t''''' 
-was determined by the growth delay, i.e., the difference in r^,i:^\f::' 
volume or turners in control and treated animals to aouh{. AU ^l""' 
un.olv=ng nnin^s were perlbrmcd within the guidelines set out bv th^ 
pn.m=l .cn.cs Cor.mi.ee and the United Kingdom Coordinating Comm^I ^ 

Statistical Analyses 

Whe- indicated. enx)rs ars presented as sundnrt! deviation (n *3) Co-., 
non t=.s« and Iia,ear regression analyses we.„ commuted wid, SAS K^''^^' 

th. CnC/ICR panel and wxh a Peaniun calaiiDtlon For the NCI mre- I I 

rhe Speam,an stari.sric is technically n,ore robust, the Pearson s^ati.-ltic '^^tS^ 
ror c«rrelano„s >n the NCI panel for hi.storic continuity The lik-Hht^ 1 f 
l.near n,odel c:o.parison was perfon.ed with S-Pl.s J^al ^ sSJe W T 

All P values are two-sided. ' 

Results I 

l/i Vitro Growth Inhibition I 

The.//? mro growth inhib-iriofi proDeiiies of ^cldixir- vein ' 
I /AAG, and radicicol againsf'panels of human colon (h- meO I 
and ovarian (i i line.s) carcinoma cell lines are shown in Table I 
A. ihe IC,, value ror 17-amino, 1 7-deniethoxy<reidanamycin' ' 
jhe major tnetaboiite of I7AAG, is aLso included fbr some iLs, 
In moM. cell hnes. all four compounds potently inhibited arowth 
wKh lC., values of less than 2.5. puV/. Notablv, one ovanan' 
cell hne (the 41M line) was relatively resistant (IC,, >i 5 a.^V/} I 
to all four Hsp90-interactive compounds. On average ."eil^na I 
mycin was the most potent agent (mean IC,. = ^0 I m ' 
With similar values obtained for 17-amino 17-d -th- 
oxygeidanamycin (mean IC,„ = 47 n/V/ in a subset of nH.- cell 
lines). I/AAG showed intermediate potency (mean JC = 
220.4 nM) and the least potent agent was radicicol (mean 

Bar graphs showing the IC,^ values (Fie, 2) reveal some 
interesting differences in the patterns of re.spon.se for -eldana- 
mycin 17.A.AG, and radicicol. .Notably, some cell lines (e.^. 
Be and LoVo colon cells) are relatively resistant to 17.A.^G 
Dut not to geldanamycin (or radicicol). In contr:isi. th-^ colon 
cell lines LSI74T and KM 12 were relatively .resistant . ^d- 
danamycm but not to 17AAG, We have compared Datfenis"of 
response for 25 ceil lines (excluding 41 M because this line was 
resistant to all compounds) by use of the Spearman analysis- 
Positive, but not statistically significant, con-elatidns were ob- 
served between geldanamycin and radicicol {r = J6; F = -OS) 
and between geldanamycin and 17AAG (r = 33- /> = .11). 
. There was, however, no correlation between 17;^AG and radici- 
col (r = -.08; F - .72). Results indicate rdativdv distinc: 
patterns of response for the three compounds.- 17-Ar -MO.n- 
demeLhoxygeldanamycin was studied in only a few line, in m 
panel. With the exception of LSi74T colon ceils, which ar^ 
rejatively resistant to geldanamycin and more sensitive ro t-n^* 
iz-auiino metaboiire, the two compounds behaved similarly 
2cross the panel. 

Activity in Acquired Anticancer Drug^Reslslznt Cell Lines; 

Fne in vitro potencies of geldanamycin, i7A^G, and radici- 
col have also been evaluated in various anticancer drue-.rcsistanf 
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Coion 
3E 
HT29 
COLO205 
OLD-} 
HCA-7 

HCTi5 
HCT' ift 
HT5 = 

LIMf2!5 

LSi74T 

LoVo 

SW620 



Oeldiman^ydn ttITg p^T^T 

. i^adicfcol i 7-A,T.ino 



Ovansn 
A27S0 
CHI 
KX62 
IGR' ^V- 

OVCAR-4 
OVCARo 
OVCAR-8 
PXN94 
' SKOV.3 
41 M 



46.7 r 9 
3.S 
7S 

i.S 
9S 
S3 
67 
11.3 
54 
9 

245 
2L9 
6.2 
3 J 

115 

47 
94 
5 

9.6 
8S 
i5o 



773 ± 30-6 
S.9 ± 2-9 
7.2 
140 
12 
7S. 
490 
99 
13.5 
9 
77 
7S.5 
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46 
>25(J0 
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670 ' 
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- 69 


295 


540 


40 
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67 


230 


43 


1450 
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5200 


2350 
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27S0 

F 
HI 

HidcxR /pgp) 
,^0V-3 >;j (,vjRp, 



Geidanamyc-in I7AAG 



7,1 
9.1 
1.3 

49 

17 

0.35 
2500 
51 

97.3 
37 
3o 



2.4 
1-9 
0.8 
960 
1220 
1.3 
>2500 
>2.6 
46 
142 
3.1 



-ir. .lifter the mean ± standard deviation (n ~ ^\ ^- .u 
^marinas. "^'^'juon fn - 3) or (he mean or rwo 




i n^O or .^'^ '^'"^^^ to cisnlatia 

^0^^'^^'^ :'^°'°'^' (SKOV-3S2) (Table l.B). 

-It m the P-glycoprotein-oversxpressins cell lines and in 
. l-overexpressmg cell lines than in the pa^Xv 1 
'•-•'U' .ha. geldanamycin is a substrate for thesfn;^,;"; 

Of. .-he Nnnonai Cane. Insritute. Vol. 9l,No. 22, Nove;.ber i7. 



^ig' 2. Patterns of in vUro omwrh itjh:-^:*;^ " ' ' — " 

ovarian c.-cino.a cel. ( 7" " - 

suits ar. displayed is the c.x.„. 'which th. ic'^:; 1 J '""7"'==' Po- 
tions cnai iniiifait growth by 50% for ^ >7S.t,., '^°"«!'u~„. 
greater or lower .han the ""'^ 
mean /C, across the whole .a.i" it X, !' -n""^ '"^ 
220.4 n,V for i7-....C, and 5S7.4 nA^^of raS," ' 

res.tance.nA.GinCHido.R.^^;:2:^^-^^^^ 
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B^i^'^nta cal-' • , _ 

pounds aad-BE ce.'irh'vr'a tn^' ^"'^^-^^'^-^ased com- 
NOOi ~^->- no\ . " , ^^■'^•^■'^'i-ng point muiation in rhe 

■tancs CO !7A AG anH ^^^^^^ h-gh relative resis- 

col in J I call lines fseJ-cte^ Frr^r, 1 ^ ^ ^"^ 

n broad spectrB,n oy^soon34 , fh"" ^" 
■stacisticai ly sionificlnt . compounds (fig. 3). A 

pa^nt for n.^AG r = ':^ ^r/Z^^J^" --'-.^ ap- 
DT-diaphorase levels were relativ»'v 

there was no statiscicallv .^a ~ ^ '° ''"^ 

(/^ = 33"and °^^=diocol and DT-draphorase levels 

and sensitiviry to i7AAG °f ^^-^'aphorase 

ICR pane, orLlo.:^f "^^^^^^^^ CRG/ 

r2.;. We ^^^^^ °^,^-an canC. 
for this Danel of cells m\ ^! k °.T-diaphorase activities- 
values that are norn ally ^"^^^^'"'^^"y transformed 

used correlation ?e fs^o e4,^ ^\" ""^^P^"^''" 
diaohorase levels cou d bi n ' hypothesis that DT- 

dirferencesobt^dltr^^^ 

tion coefncieQt indicated a vve'k no ^o^--^!^- 
. DT-diaphorase exoression anri S ^ relationship between 

f "^--"^"^'C" sensitivity to 17A^^ fr - im 

• The con-elation between DT eW-.^.-^r, ^ ^ 

=iso weak with ooss^Slv n ^ ^ Seldanamycin was 

vvuil posSiDiy a negative trenrl rr — v ■ , 

iMAG Chan ,o r/'Lr.rTs"*^'" 

dJuphorase activity -!• error Because 17AAr J . ' T" 

To more directly investicats tj,- roie rf nr k • 
mediating the cytotoxicity or' i7AiG wt °' ^^'^^^^^'^^^ 
BE ceU line with ^^l^^^^f^'^ f 
snown by i..unoblottin,. the resSflSi^^J?-,^ 
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iounia] 



r-cnir-i P„ JJr-diaphorase protein fu^nnbiislifli f 

'-suit), tnzyme activity data suDDorfHrh^ .v. " M^'^'^s 
serrations. Values (me^nred h °" "^l 

ductiot. o^^t.enadio^ 5- exSid aT"""°'' iT"' 
chrone c i-dirH ^-^P^'^^ed as. tnicro.moies or cv'l#.ft7.v.( 

follows i^\tf:' ^""S'^'^ of protein) a/^ J.-'^m,^ 

rcO OOO). BP -I;?! 'T?^ ^-..nieasurabJe accivf -^^ci.^, 

act obSn' ^'^^ '^-^ ^"^'^'^^"^ simila:-(o.Mf .J.^. 

tio-M^-,? previously ^.•ith the sa,T,e assay r'7J fu»i? 'C^ 

vahoation or the n,odeI was provided 
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1 (!l7-fbld potentiation in 3E-F397'cC 5^ 7 = ^^ ^'""^^ 
i dacicn i» SE-F397 c!on= 2) Furrn^^Ziu '7^''"'° 

Dose-response curves for geldanamvcin and r^AG N 
vector control ceils and 3E-F397 clon- 9 - 
Although rha two lines showed st i;; S • ' ^■ 

„,ycin, £E vector control cells bckta nr " ''.'" 
n.arkedly less sensitive co 17AAG Th- det^^lf ' '''-^'."'^^ 
(in terms of ic,„ values) . J^l/"^ ^'-ees or potentiation 
;minoJ7-den.ethoxv^d;r.;4f ''^^^ ^'-^-^G. 17- 

,-oser..-,.d when DT.dirohor^r::^f!:^f ^ 



^e-in:3oa..ES abser;ed"^";:r!X?r:: ^^^^^ K- 
.econd test of the effect o^d; ^^^^^^^^^ ^-aiunced. in a 
;on'propenies of these c^i^jr^;;^?^ ^ ^V^^-n inhibi- 
(narurnily high in DT-diaobom iTl^^'iJV ^ colon cells 
BE parent ceMs {no tr,essuCKu% 7 ^ith 
generally n^itrored thot; ;;s;i;; ot '''T' 
transfected r^ii of 3P T • the isoaen-c 

inMbitors t«;i:;^i?^ :Sc:?ti^^^^' ^i>- 

differential effect (87-fold Do.-l-,fh pf^'^Phorase-mec'iated 
pair of lines that H729 ce'ist:?'°?- '"^^''^^^ 
to radicico! than did BE 0-,^:. ^ =^^ sensidviry 
ganic BE cell line pair ' " ""^^ '''"^ ^'^^^ iso- 



-'o:'DT. 



<i:."h:s,*:°„':^r:i°?°=="°^ roi. for dt. 

one snbsL-ate replacetnent assay .^.s d/sc^i?: "'''^ ' 
to detemoine the ability of thi's t^f' -"r""''' ^''''^^ 
amino, 1 7-demethoxyae!danani vein ' =^'''^^^'"^^^"1. and 17- 
ned hun^.an DT-diaoh^7se (wV^^ ^ '"^''^'^^ 'or puri- 
cellent substrate for DT di. 'h. ^'^"^P^°"'Srin (Jj;. an ex- 
comparison. We fotnd LTf'^Jo '-'"^^^ - ^he 
forDT-diaphorase but it is no . '^^^°"^ble substrate 
■ n^vcinorJ7-arnino;i7i, ^e^^t^^^^^^^ geldana- 
surprising in view of thr^J?, f w ^"""^^^^^ 
mediated reduction rate las srS^fo?.U ^^i^'^P^--" 
at a substrate concentration ofTo t fo T!"-"^'"' '''' 
17-amino,I7-demethoxvc.eHinamvHn ; ^f' 
higher .rates that, geldarS^^irSd fhe"dt-^°^^ 
greater at 100 ^M. Geldanamydn at 00 u ^'"^ 
straie inhibition, which w^, nn?L '^^.^^^ resulted in sub- 
analogues at 100 Thel.t e twr"'' 
are much higher t^an the ol T '""""'"^i^-''^. ■'however, 
also Should be no^rch ^^^^Sr^^ -levant range. It 
gave reacdon rates thnf w^r, u ansarayc.n analogues 
served for strepim" i^ ^^L". "S";; '^^'^^ ob- 
Hsp90 inhibitor rad^icicol. thic" ' llS fj"'^""^ 
reduction was observed. .qumone moiety, no 

~"-*''"°"«'^'»-^'"»."^ oncost, 

mutant p53, Hsp90 and '^"^ '=^'=^^0^ ?^af-i 

and -nsfectedlLttirw^r^i^^^^^^^^^^ 
Levels of these proteins 6 and ^tho^^-^^i^'^c'^^f "^^^n). 
equitoxic (continuous exoosur"- .n V °^ 
equimolar (0.15 ar,d 03 1^;^ t;,!' - '^^o) or 

shown Ln Fig. 5. No chan^^ Snon ^ ''''^'^ 

served. A sL-nilar marked^^^u^in ' '"'"^^ 00- 

observed for Raf-i and 0 ?o oH^sT-f J- " ' 
ceils and 3E-F397 clone 2 ceiU " ^''^ '''''' 
contrast, an increase in Hst,S lev^t ^ ' concentralions. By 
niycin 0- 17AAG at eoui-noh- '^°^S=Wana- 
no change in any of Te Sr^ ^^O- 
vector control ceHs -xl^s 1 , '"^ -''^ 3E 




4;;;"'^^": (-^^ • ^ol=^o>=..iauo. •= drug conc=r,«. 
_-.o«j, b.v DOS aQ„) ,n ceils £,xpRs3ing iow l-vilj of DT- 
. • OT-,-:;..,Hn -o- ''"^^''Cj^ in c:ik e.XDr;s.;n<= a hioh 
."'"•^-o./g..j^'.: '.S-n97 or KT20 colon lin=). Solid b.. = 3. 
^- ' cshi. cro3-natched bars = 3E/H729 c:IJs. 
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r reduced oer niiniiX per mg of prorein 



iO ilM 

Srrepronigrin, 30 lO/ 
S.repEonisrin. 25 uJf( 
Screpronigrin. iO \lM 
Cei'danarr.ycin. iaO>V/ 
GeJdanamv-cin. 50" o-W 
Ceidanamycin. 25 a.^W 
Gitdanamycin, 10 oA^ 
i/AAG. lOO^j^V/ 
l7AAa 50 'XM 
1 7AAG. 25 ilM 
i/AAG. JO 
17-Amino. I'OO uM 
i7-Amino.50 )Lm 
!7-Aniino. 25 
1 7- Amino. 10 ^.V 
Radicico! ■ 



MSSJr i63.7 
206.1 ±6.0 
\59A ±?.0 
i76.6.± 69.5 

7.2-3.3 
7.0= 1.0 
43 ±0.6 

20J±2.I 

15.0 ±7 0 
SJJ± 1.3 

3.6 ±0.6 

17.5 ±5.3 
22,S ± 3.6 

ii.7±4.3 

6.S±3.5 
ND 



'Vni.es ar. individual or mean ± standard deviation (n = 3). 
. N D = net detecrabli at all conceninirions issred. 

In Vivo Efttcts of 17AAG 

We determined the effect of 17AAG on the response of the 
Si. vector control cells and BE-F397 cells when Jown subcu- 
.aneously as solid tumor xenografts in nude mice:i7AAG was 
aamanistered at the maximum tolerated dose of 80 mc^/k" per 
day mtrapentoneally on days (M and days 7-11. a scheduie^ that 
" f;^/; °" xenografts [NCI drus data file on 17AAG 

n ^iL^-^'f f:=^" t-amor grown from the transfected BE- 
..97 ceJs (Fig. 6 B) was more sen.sitive than the BE vector 
comro! cells {R_^ 6. A). The growth delays, calculated from the 
Lime required to reach twice the treatment volume, were 1 1 ^ 
days tor the BE-F397 xenograft and 5.8 days for the vector 
control. For the HT29 xenograft (and a .similar schedule of SO 



^n'.u ^'P'^"'="^'= ini-^-noblois for heat shock nrotein 
90 (Hsp90), RAF- 1. p5r,. and H,.p70 (a.-; indicaied) in BE 
vector control or BE clone 2 cell.s exposed lo equiro.xic 
concentrations (5x or lOx drug concentrations that inhibit 
arovvth by .50% (IC,J) of geldanamvcin (0.2 and 04 ll-W 
tor 3x and lOx 1C,„ in BE vector control cell., and 0 I and 
0.2 tu)^ !br 5x and I Ox IC^ in BE.Fr.97 clone ■> c-\h 
rtspectn-ely) or I /-allybmino. 1 7-den,e.hoxyg=ldanamycin 
(1 /AAG: 7 and 14 for 5x and lOx lC,o in 3£ v-ctor 
wntrol cells and 0.15 and 0.3 for 5x and lOx IC,„ in 
^c-F397 clone 2 cells. re.spectively). Two tXxed con^n- 
trat^s of I7AAG (0.15 and 03 ^H) are also .,hown for 
KAr-l m the BE veaor control cells. Cells were exposed to 
drus ror 2 hours andliarvested 6 and 24 hours after expo- 
sure. Lane I = S-hmir incubation of untreated cells: lane 
- - 6-hour incubation in geldanamvcin (5x 1C«,J; la.,e 
3 - 2^hour inctibation in geldanamvcin (5x IC^; lane . 
^ - 6-not.r mcubation in seldanamycin (lOx icj; lane 
^ -■-^-nour incubation in geldanatnycin {iOx 1C,„): lane 
^ - 6-hour .ncubadon in 17.AAG (5x IC,o>; lane 7 = 
;^^-nour mcubation in 17.AAG f5x IC^y. lane 8 = 6-hour 
"Kubatton m i7.A.AG (I.Tx 1C„): lane 9 = 24-hour incu- 
oat,on ,n I/AAG (IOx 1C,„): and lane 10 = 24.hour in- 
'••-■tion of untreated cell.,. Blots for the BE vector control 
ane ! ,.AAG are also sl.own. Lane II = 6-hou- in- 



-:;/;-c per Jay ;-:-peri:3;-r 

S^-ow:h deiny of 16.6 ci^ys w.s 005^^;^;-; ; ^ ^:' = 
caoc shown) confin^ed chat the differe;;;^ ^^or:^^'''' 
expression seen i. virro were maintained in r^.^ '^tT''^''''^^ 
- shown). Thus, the HT29 line wi.h a n^^^^CSt f'' 
Dl-aiapnorase and aiso the transfected BE-F397 JinX 1 
en..nve Wwo than the BE vector control ceils h t^.r'jf = 
level or D - -diaphorase activity. ' ^ ^ 'o* 

Discussion 

■CRC. Treatment with th.s dnt. ^t-. c. i 1 w; f 
n^rnher of important oncogenic Vo;^^^ ;? . °V ' 
^. bb., and mutant p.3 proteins, from rumor cells (/ of ■ 
thts article we show that the levels of DT-diaphornse act.W " 
a tumor cell are an important and statistically i' nin^^^^^^ 
minantof how well 17AAG will inhibit the rowr'l, ^ 
celJ. Evidence for this role of U^XXX^^^^T 
rollowing three observations: 1) The,^ vva, -^sL^^-^^ , 
cant cor^lation between DT-d apho s^^c ^ ^ H ' 

i 7.A.G for 1 1 hun,nh colon and 0" ca c'r c" l h""'" 
. e CRC/ICR panel. 2) Subsequent inte^ro t "on " f i: . ^ 
the NCI panel of 60 human tumor cHl !i„el .unr.^ A^"i 
pothesis that the level of DT-diapJor:;" a t i y"rsT ot £" 

he ci^ferenr! -'^^ geldanamycin. [In an analogous w 

tne dtrrere, ces in sensit.vtty between methotrexate and trini" 
rexate m the NCI 60 human tumor cell line na el hnvfK 
explained by differences in the levels 0 d .c»d t l ' 
.protein (37).] 3) Transaction nr J- H ' 

m a nwked mcreis. ,„ 1 7AAC-mduc=d .row* i„hibi,i„„ i. 
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^"•S- 6. Effea of DT-Uiaphonse s.xpr=s.Mon on che response of human tumor 
■^^nosnfcs m ,v,v, i„ r7-allylamino.l7-den,eihoxy8eldanamv-in (I7A.AC) 7u 

Th^T, r'""" ^"'."'7 ^'^-^97 '^'O"' 2 (B). 

SO „ ' ^"^'"^ '^"'"^^"^ ^^"^ '■'AAG. The dosinr schedule .-a.' 

niEA,. ,.,r day ,niraperhone»lly daily on days 1^ and days 7-1 1 for SE 
"o^ anu on days (^3 and days 6-iO for HT29 .umors. A = 17AAC- O = 
"•'"n, five an! ^"'""''^ are the means (± standard deviation) 



m vitro growth .inhibition coirelated with the level of enzyme 
pression, being 32-fold higher in the transfected cell line with 
« Higher levels of DT-diaphorase and 22-fold higher in the 
lii^" nT^'^ ''"^ "^''^ •'^°'^°what lower levels. Of interest 
. - r-u.aphorase effect was not obsen'ed with seldanamv- 
' results in agreennent with data from a nonisosenic oair 
A-.oreover. the effect was not seen with 17-aniino,'l7- 
^--ethoxygeldanamycin, which was identified as the major 
^^■pG metabolite in human and mouse hepatic Dreparaiions 

17 '"^^ (^'^I data file on 

Doiei^^^- f TT-'-'iaphorase activity -also appeared unrelated to the 
libic^i , sirucfaraily distinct Hsp90-binding an- 

diaos BE cells that express a low level of'DT- 

■- •ior:,sc were almost 10-fold more sensitive to radicicol than 
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-:^p:iorpse. .-re -.rz, no iiffers,- " 
i£n:c c:a-sTec;ed SE ceii line Dair. 

Tht cotrelation seea between txorsssion of DT-d^n^--. 
ac.v.ty and senskivi:y to ITAAG but not to .eida^Sp" 
-.C|coi Shows chnc the ef-ct is not generic ^ross ^iI'k^^ 
■ nnimtors or. .noeed across all benzoc.inone ar.samvcit.rf;e 
p.e...se iBecnan^sni oy which high levels of DT-dia^hor.,^ n 
^umor ceils result in sensidvity to 17AAG is not cle^ T 

s.t.v,iy ,0 17AAU but not to geldanamvcin or n-amiio 17 

- o?™ • • e. 

spec'ive oehavior as substrates for the nuHr-H Km-.. 
AUhough we have demonstrated th;; SaG . f^erSJ 
.nibstrate for human DT-diaphorase. it was not aooreciint Tt^; 
*an geldanam.ycin or 17-amino.l7-den,ethoxV.e4; '^^^^^^^^^^ 
pM^rly at more relevant drug concentration;. On^v a t^ 

™f ; ',^.^?:^:!^^'"T"'°-"-^ concent^tions of 50 and 'lo -l'^ 
v.. l/A-vG reauced at a statistically significantlv faster rat^ 
.n geloanamycin. For J7-amino.l7-demethoxy.eld« ^ 

dtry -n"" --P-^ ^^'^4;' 

Given the close st.ructural similarity of 17AAG. 1 7-amino 17 
demethoxygeldanamycin, and geldanamycin (Fi. 1)1™ ciel 
tnnt K ,s the allyl substitution on the an.ino erou^ at to i ton 
- s'L^J-r"'"' ^T-diaphorase -effea S "a^ 

oh w "f °' ['■^'^^ with thi; 

observation. \Ve hypothesize that the behavior of-th- red.,rr!r,n 

rT^dTm ' Y/"^ "^^^-^ ''"^^^ ^'^^ .^educ^on tdut r 
nved ,rom geldanamycn analogues with other substituents 

the xenog.rari experiment conrlnr.ed that DT-dianhon-^ 
transfected BE.F397 cells were more sensitive than bTv" o" 
control cells .n a solid tu.or /. wV. The naturally hlh S- 
d,aphot^se-conta,n,ng HT29 xenograft was a^lso n^ol. s^nsid e 

ot .enerr ^P-- ^ata were 

rrfhT. " e'^penments. However, it seems likelv 

hat the dirrerences seen in the wVo xenografts w^re not a^ 
large as those observed in the same lines .V, .U^o. One facto" th^t' 
would tend to decrease the contribution of DT-diaphorase levels 
in the xenograft experiments is the metabolism of 17.AAG to the 
7-am,no derivative, which is the major metabolite in the mouse 
(^). This could- be important becau.se we show in this anicle 
^at sens,t.v,ty to the 17-amino metabolite is not a^^cted by 
D l-fliaphorase^ Formation of the 17-amino metaboliie is cata- 
lyzed by cytochrome P450. specifically CYP3A4 in human mi 
crosomes (J 3). Thus, we propose that the sensitivity of a "iven 
patient^s tumor to 17AAG may be affected by the balance be 
aveen DT-dtaohorase and CYP3A4 metabolism. Consequently 
we urge that both enzymes (or surrogates thereof) be .-nonitored 
in the clinical sttidies that are now under way with 17 AAG 

We determined that 17AAG was operating through the HsoQO 
protein to stimulate degradation of the oncogenic client Drot^^^ns 
Rai-1 and mutant p53 by use of 17Aa6 at equiio'^; d 
equimolar conceni.rations and cells expressing hi^h .nd low lev 
els of DT-diaphorase. The depletion of clien't pr^teim eTo ed 
previously for boLh 1 7A AG and geldanairivcin 
m cells expressing high and low levels of otaTao orJ. T 

mx ic '^ inT^-^"'"' t''-^''° " geldanamycin (ix^ard 
lOx IC50) in tne isogenic BE cell lines after 6 hours »nd =sd= 
cially. aner 24 hou.rs of dn.g exposure, there was a s^^l- td" 
n.arked reduction in Raf-1 and mutant p53 proteins. a"^1 
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coG:rot ceiis, ;here yrzs no r-d'acilov: in RaM or 05'^-:-:^ ^^ 

W!in low ievels of DT-diaohor^s- wh-r-o^ ^^^C^f " 
seen in che cells with high l^^^'ofiyT^oS^Zl^ 
:.sponG to rhese concentrations. Thus, target activiry was 
.amec. ,0 the presence of the respective active concentratio.nlof 
! AAG. mdepenaent oi the expression of DT-diaohorase T^nis 
rules out cne poss.miity that different tarset mechanisn^s op^ e 
in celis expressing low and hi-h nT w" 

n..u„_ Pit V = '^^us Oi D 1 -diaonorase. 

rftr '^''f^'''''' ^-"^P^^^-^ion increases the t>ot;ncv of 
I /AAG via client protein depletion ' ' 

In contr^t to effects repotted in melanoma xenografts af==r 
ad^.n,stratton of 17AAG (J I), no difference in the 1 e- o 
.-isp90 was obser^.•ed in ourexperinients. Ksp70 leve-s how v 
vvere mcreased. consistent with the re..novai of Hso90-rdSd 
.runscnpt^ona repression of Hsp70 when Hsd90 ' iSel 

I /AAG in ooth hign and low DT-diaphorase lines consistent 
w.th retention of the Hsp90-bindine niechanism " 

•t '"P"'"''"" °^P^'^ ^" BE ceils sueoests 

a n utan p^^ genotype. Effects on mutant p53 were con^is-ent 
vv,th cel, cycie effects of geldanamycin reported in ce S 
SI ^^-'"'^ -.n-tantp53 fiP, l/ounown stud e ^ 

px,) and a subline stably transfected with the viral" ddT 
.nactivating gene HPVE6 (40j. we found no diierenc' t s'n' 

th.. pD^ sta.us IS- unlikely to innuence sensitivity to i7A4G 
In .s-ummai7, although uncenainties remain re/ardin. thTpi^e- 

7 A AG a- tumor's sensitivity, to 

oxicuy or 17AAG toward normal tissues. Thei^ are obvious 
mphcations tor the clinical evaluation of J7AAG as an m cZ 

is::;,- '''^T population , depend ^on 

his Sv rhe^ n^^^^^^^^^ P°'y'^orphism use^d in 

So . DT-diaphorase-disabling point mutation in the 

, NQOI gene present in the BE colon cell line (41). In addition 

f-- 2-/j. We suggest that, in addidon to measuring de<.radation 
or oncogenic client proteins and/or an increase I, ^%TT 

treatmenr ^virH \i\ \n . in ^,sp/{) alter 

^^acmenc .vith 1.7.^AG as poreiUjal markers of activity and 
therapeutic response, NQOl/DT-diaphorase c^enotvpe St3A^ 
^atus and also ru..or DT-diaphorL levell sh^^^?d^^^; 

bl o^^^^^^^^^ '^'"'"'"^ and/or .toxicity and should 

'''' ^ "'^"^^'^^ that h^v^ 

-cently oegun under the auspices of the NCI and CRC ^ 
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